Social insects use cuticular hydrocarbons (CHCs) to convey different social signals, including colony or nest identity. Despite extensive investigations, the exact source and identity of CHCs that act as nest-specific identification signals remain largely unknown. Perhaps this is because studies that identify CHC signals typically use organic solvents to extract a single sample from the entire animal, thereby analysing a cocktail of chemicals that may serve several signal functions. We took a novel approach by first identifying CHC profiles from different body parts of ants (Iridomyrmex purpureus), then used behavioural bioassays to reveal the location of specific social signals. The CHC profiles of both workers and alates varied between different body parts, and workers paid more attention to the antennae of non-nest-mate and the legs of nest-mate workers. Workers responded less aggressively to non-nest-mate workers if the CHCs on the antennae of their opponents were removed with a solvent. These data indicate that CHCs located on the antennae reveal nest-mate identity and, remarkably, that antennae both convey and receive social signals. Our approach and findings could be valuably applied to chemical signalling in other behavioural contexts, and provide insights that were otherwise obscured by including chemicals that either have no signal function or may be used in other contexts.
Introduction
The vast majority of signals in social insect colonies are mediated by chemical compounds [1] , among which cuticular hydrocarbons (CHCs) play the central role in various signalling contexts. The glandular source and chemical identity of signals associated with alarm pheromones [2, 3] , sex pheromones [4] [5] [6] and trail pheromones [7] are well known. By contrast, the source and identity of CHCs associated with nest-mate recognition signals are poorly understood, despite their crucial significance in maintaining the social integrity of the colony [8] [9] [10] . While the variation in nest-mate recognition signals has been investigated extensively [11] [12] [13] , the identity and function of the specific chemical compounds remain elusive, perhaps because the source of these signals is rarely considered. Typically, chemical analyses of CHC signals in social and other insects involve using organic solvents to extract a single sample from the entire animal [10, 14, 15] . A disadvantage of this approach is that it results in an unnecessarily complex pool of chemicals from all body parts, comprising a cocktail of signals that are likely to have diverse functions in different contexts.
By contrast, the variety and roles of the exocrine glands across the ant body have long been described [16] , including Dufour's gland, the pygidial gland, the postpharyngeal gland (PPG) and various subepithelial glands. The PPG is thought to be the primary source of CHCs that subsequently disperse across the body [17] . The subepithelial glands, which are distributed across different body parts of ants, were suspected to produce hydrocarbons, but their role in hydrocarbon signalling was not confirmed [18] . The distribution and diversity of these exocrine glands suggest the possibility of differentiated hydrocarbon profiles on the cuticle of the ant. To the best of our knowledge, this possibility has not been examined comprehensively.
Here, we examine the location-specific diversity of the CHC profile across the body of Australian meat ants Iridomyrmex purpureus, and the roles of antennae as a source and in the detection of chemical social signals, using chemical analyses and behavioural experiments.
Material and methods
Workers of I. purpureus were collected from near the entrances of 20 mature colonies (electronic supplementary material S1). We compared the variation in the CHC profile of different body parts with the profile of the whole body, by pooling dissected antennae, heads, legs and abdomens from each of 20 workers from six colonies. The CHCs on the dissected body parts and the whole bodies were extracted with hexane, and analysed with GC-FID and GC-MS (electronic supplementary material S1). We also compared between-colony differences in the CHC profile for each body part by taking individual samples of the antennae, legs and abdomens from 15 workers collected from each of five colonies. The CHC profiles were analysed using a procedure described earlier (electronic supplementary material S1). CHC profiles on antennae, heads, wings, legs and abdomens of alates (males and females) of I. purpureus were analysed using the protocols described above (electronic supplementary material S3).
We examined whether workers direct their antennation behaviour towards different body parts of other workers by conducting two-on-two aggression assays in containers lined with fluon. Workers from 12 colonies, assigned into six colony pairs, were tested against nest-mates and non-nest-mates. The first 3 min of the behaviour of the marked ants were recorded, allowing us to calculate the number of antennations of the focal individuals towards different body parts of their opponents (electronic supplementary material S1).
We examined the role of antennae as a source of chemical social signals in nest-mate recognition behaviour by conducting two-on-two aggression assays (as above) in two experiments. First, we placed two marked, focal ants from one colony of each colony pair (n ¼ 6 pairs of colonies) in the assay container with two other, unmarked ants. The unmarked ants were nestmates with intact antennae, non-nest-mates with intact antennae, and non-nest-mates or nest-mates whose antennae had been amputated at the base. The second experiment followed the same protocol as above, except that in the antennal manipulation treatments, the antennae of the workers were dipped in either hexane (to remove surface chemicals) or in pure water (as controls) (electronic supplementary material S1). The behaviour of the marked individuals was recorded and analysed with the observer blind to the origin of the opposing ants (electronic supplementary material S1).
Results
There is significant variation in the CHC profiles between the antennae, heads, legs and abdomen of I. purpureus (figure 1a). Discriminant analysis indicated that the chemical profile of antennae strongly separates from that of the other body parts (function 1 explains 86.7% of the variation, canonical
0.001; function 2 explains 7.6% of the variation, canonical figure 1b) . The model correctly classifies 87.5% of the body parts, with the antennae profile clearly distinguishable from that of the other body parts, supporting the use of our isolated body part approach. In the pooled body part samples, this variation is due to differences in relative quantities, rather than the types of components (figure 1a; electronic supplementary material, Our discriminant analysis showed that it is possible to distinguish between colonies with the chemical profile on the antennae, legs and abdomens (figure 1c) from individual ants (antennae: 90.0% correct classification; legs: 93.1% correct classification; abdomens: 88.9% correct classification; electronic supplementary material S2). It is likely that not all of the body parts are involved in nest-mate recognition signalling. Conventionally, the whole-body wash of ants is used to separate colonies [11] [12] [13] 19] , but clearly, studying the whole-animal CHC components cannot discern the sources of individual body part variation.
When workers encounter other workers, they brush their antennae over the body of the other individual [20] . When workers encounter non-nest-mates, they sometimes engage in a ritualized display behaviour [20] (figure 2a). The frequency with which I. purpureus workers antennate different body parts reflected the between-body variation in chemical profiles. Over 90% of the antennation was directed to the antennae or legs. Workers antennate the antennae (but not the legs or abdomens) of non-nest-mates more frequently than those of nest-mates (F 2,862 ¼ 269.5, p , 0.001; figure 2b ). This suggests that although colonies may be distinguished statistically by extractions from various body parts, the antennae provide the important colony identity cues.
The antennae ablation experiments confirmed that the CHCs used in colony identity are sourced on the antennae. Workers of I. purpureus failed to respond aggressively to nonnest-mates whose antennae had been amputated (figure 3a; 
Discussion
We discovered significant location-specific diversity of CHC profile of both worker and reproductive castes of ants, and that the antennae of workers can act as both a receiver and source of social chemical signals. These results considerably narrow the search to identify social identity signals in ants and, given that I. purpureus is unremarkable in the context of nest-mate recognition, probably also other clades of social insects. Our approach of identifying where the 'receiver' directs most interest in detecting cuticular signals, and then isolating the identity of the CHCs, could be applied to chemical signalling in other social contexts, including task cues [21] . More broadly, it may also reveal patterns that were otherwise obscured by including chemicals that either have no signal function or may be used in other contexts. Indeed, location-specific chemical signals also seem likely in solitary insects, where hydrocarbon-based contact or short-range pheromones may provide multiple signals, including for mate choice [22, 23] , species recognition [24] and other behavioural contexts [25] [26] [27] .
Although it is possible to distinguish between colonies based on CHCs from the antennae, legs and abdomens, our behaviour assays clearly show that nest-mate recognition in I. purpureus is achieved through differences in the CHCs found only on the antennae. The compounds on the antennae are not inherently better sources of information, but are just used differently. Indeed, compounds located on the antennae were also found on other body parts (electronic supplementary material, table S2.1) and the signalling functions of these chemicals have not yet been identified. The presence of the same compounds on different body parts raises the intriguing possibility that these compounds may provide [28] . The typical method of identifying CHC signals usually involves extracting the hydrocarbons of the entire individual insect. Our study clearly shows that the diversity of CHC profiles on different body parts of a single ant exceeds that of ants from different colonies, indicating a more complicated CHC signalling than previously recognized [13] . We suspect that location-specific CHC signals will be a common feature of social insects: we found similar differences in male and female alates of I. purpureus (electronic supplementary material S3, figure S3.1), where the profiles of different body parts can be clearly separated, regardless of the sex of the individual. Interestingly, earlier reports of CHC profiles on the body parts of two formicine ants [29, 30] are also consistent with this view.
Conventional models of nest-mate recognition signals [31] suggest that colonies acquire a distinctive gestalt colony odour, as hydrocarbons are distributed across the body parts of individuals [17, 32] and among individuals within the colony [33, 34] by trophallaxis, self-grooming, allogrooming and physical contact. These models predict a largely invariant chemical profile between the body parts of individuals and among individuals within the colony. Our data suggest a more precise mechanism of colony identity signals that are sourced on the antennae. Other social signals may be similarly derived from various exocrine glands found on other body parts [35, 36] . It also raises the fascinating possibility that antennation behaviour, especially in species like I. purpureus that are characterized by colony-wide displays [37] , allows a worker to simultaneously obtain and convey information from her opponents.
Over 125 years ago, Auguste Forel demonstrated that antennae detect social signals by experimentally removing the antennae of workers of four species of ants, and then placing the ants together in a container. He found the ants huddled 'piously together, one on top of another, despite the diversity of species' [38, p. 88] . Since then, it has become widely understood that the antennae comprise the key sensory organ specialized to receive chemical signals in ants [39] and other insects [40] . Our study makes the novel discovery that antennae can act as both a source and sensor of chemical social signals. 
